Objective-Earlier studies have suggested that a common genetic architecture underlies the clinically heterogeneous polygenic Fredrickson hyperlipoproteinemia (HLP) phenotypes defined by hypertriglyceridemia (HTG). Here, we comprehensively analyzed 504 HLP-HTG patients and 1213 normotriglyceridemic controls and confirmed that a spectrum of common and rare lipid-associated variants underlies this heterogeneity. Methods and Results-First, we demonstrated that genetic determinants of plasma lipids and lipoproteins, including common variants associated with plasma triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) from the Global Lipids Genetics Consortium were associated with multiple HLP-HTG phenotypes. Second, we demonstrated that weighted risk scores composed of common TG-associated variants were distinctly increased across all HLP-HTG phenotypes compared with controls; weighted HDL-C and LDL-C risk scores were also increased, although to a less pronounced degree with some HLP-HTG phenotypes. Interestingly, decomposition of HDL-C and LDL-C risk scores revealed that pleiotropic variants (those jointly associated with TG) accounted for the greatest difference in HDL-C and LDL-C risk scores. The APOE E2/E2 genotype was significantly overrepresented in HLP type 3 versus other phenotypes. Finally, rare variants in 4 genes accumulated equally across HLP-HTG phenotypes. Conclusion-HTG susceptibility and phenotypic heterogeneity are both influenced by accumulation of common and rare TG-associated variants. (Arterioscler Thromb Vasc Biol. 2011;31:1916-1926.) 
P lasma triglyceride (TG) concentration is reemerging as an independent risk factor for cardiovascular disease (CVD). Both fasting and postprandial plasma TG concentrations are determinants of CVD risk, 1-3 increasing risk of myocardial infarction and ischemic stroke. 4, 5 A Mendelian randomization study using the common Ϫ1131TϾC promoter variant in the APOA5 locus as a surrogate exposure to increased plasma TG concentration also supported a causal relationship with CVD risk. 6 Together, this body of evidence indicates that elevated concentrations of plasma TG-rich lipoproteins increase CVD susceptibility independent of other lipoproteins.
Hypertriglyceridemia (HTG) is often defined by plasma TG concentration Ͼ95th percentile. Patients with HTG have elevated CVD risk 7, 8 and frequently have concomitant proatherogenic comorbidities, such as obesity, metabolic syndrome, and type 2 diabetes. 8 Phenotypic heterogeneity among HTG patients is defined by qualitative and quantitative biochemical differences in plasma lipoproteins that form the basis of the World Health Organization or Fredrickson hyperlipoproteinemia (HLP) phenotypes. The HLP phenotypes defined by HTG (HLP-HTG) include 1 monogenic pediatric phenotype, called chylomicronemia (HLP type 1), and 4 polygenic familial phenotypes, called combined hyperlipidemia (HLP type 2B), dysbetalipoproteinemia (HLP type 3), primary HTG (HLP type 4), and mixed hyperlipidemia (HLP type 5). HLP type 1 is usually caused by homozygous loss-of-function mutations in genes such as LPL, 9 APOC2, 10 APOA5, 11 LMF1, 12 and GPIHBP1. 13, 14 However, the remaining genetic architecture underlying predisposition to HTG and phenotypic heterogeneity among the HLP-HTG phenotypes is less well defined. 15 Candidate gene studies and genome-wide analyses have established that genetic variants associated with unfavorable plasma TG concentration in populations are also associated with susceptibility to clinical HTG. 16 -20 Both common and rare TG-associated variants accumulate in HTG patients, and they account for a large proportion of explained variation among HTG patients. 20, 21 However, corresponding analyses have not yet been performed on individual HLP-HTG phenotypes.
Our earlier surveys of a few isolated genetic determinants suggested to a first approximation that a shared genetic architecture underlies the phenotypic spectrum of HTG. 16, 18 Here, we provide a more complete analysis of the genetic etiology of the HLP-HTG phenotypes in a much larger sample of patients and controls. Further, we include all Genome-Wide Association Study (GWAS)-identified genetic determinants of lipid metabolism recently identified by the Global Lipids Genetics Consortium (GLGC) 21 to assess the contribution of common variants associated with concentrations of TG, high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) to both HTG susceptibility and HLP-HTG phenotypic heterogeneity. Finally, we have integrated rare variants into the analyses of HLP phenotypes. We demonstrate a shared genetic architecture of common and rare TG-associated variants as the genetic foundation across HTG patients, and we provide evidence that accumulation of pleiotropic TG-associated, HDL-C-associated, and LDL-C-associated variants may together dictate susceptibility to the polygenic HLP phenotypes.
Methods

Study Subjects
This study was approved by the University of Western Ontario Institutional Review Board (protocol #07920E) and ethics boards at collaborating institutions. Study subjects provided informed consent for collection of clinical data and DNA extraction and analysis. In all, 504 HTG patients and 1213 population-based controls were studied. HTG patients were European subjects ascertained through tertiary referral lipid clinics in London, Ontario, Canada, and Amsterdam, the Netherlands. HTG patients were clinically diagnosed with 1 of 4 familial polygenic HLP-HTG phenotypes before ascertainment for this study and without genetic information (Supplemental Table I , available online at http://atvb.ahajournals.org); these patients are now referred to as having HLP-HTG case status. Population-based controls were European subjects ascertained through the Study of Health Assessment and Risk in Ethnic Groups 22 and the Myocardial Infarction Genetics Consortium, 23 as previously described. Control subjects with fasting plasma TG concentration Ͼ2.3 mmol/L were excluded from analyses because of potentially undiagnosed HTG. Biochemical analyses of lipoprotein traits were conducted separately in each cohort, as previously described. 17, 22, 23 
Genotyping and Sequencing
Genotyping was conducted using Affymetrix Genome-Wide Human SNP Array 6.0, as previously described. 20 Imputation was conducted using HapMap2 European phased haplotypes, 24 only imputing single-nucleotide polymorphisms (SNPs) with r 2 Ͼ0.4. Genotypes were subsequently extracted for lipid-associated loci identified by the GLGC. 21 Functional variants in APOE (rs7412 and rs429358) were genotyped using validated TaqMan assays on an ABI Prism 7900HT Sequence Detection System and automated software (Applied Biosystems, Foster City, CA). Rare variants in APOA5, GCKR, LPL, and exons 26 and 29 of APOB were defined as nonsense or missense mutations with allele frequency Ͻ1% in control subjects, as previously described. 20 The list of variants identified by this study are located in the supplemental material of Johansen et al. 20
Statistical Analysis
Data management, linkage disequilibrium calculations, association testing, and risk score calculations were conducted as implemented in PLINK. 25 Association was tested using an additive multiple logistic regression model with clinical covariates age, sex, body mass index, type 2 diabetes, and 10 principal components of ancestry. 26, 27 Statistical significance for association was defined as concordant direction of effect and PϽ0.05, as all SNPs have a priori evidence for association with lipid metabolism.
Each subject's genetic risk index (or genetic risk score) was determined by summing risk (TG-raising, LDL-raising, and HDLlowering) alleles at 32 TG-associated SNPs, 47 HDL-C-associated SNPs, or 37 LDL-C-associated SNPs, as identified by the GLGC. 21 Genetic risk indices were measured using either unweighted scores or weighted scores, where indicated. Unweighted scores were created by summing the raw number of risk alleles carried by each subject. Weighted risk scores were created by summing risk alleles after being multiplied by their population-based effect size calculated by the GLGC. 21 Units were initially reported as mg/dL, but they are converted here to mmol/L; conversion factors for TG and HDL-C/ LDL-C were 88.6 and 38.7, respectively. All SNPs were included in the risk score regardless of statistical significance in the replication phase. Where SNPs were associated with multiple lipid phenotypes, they were included in each risk score, although weighted by the appropriate lipid-specific effect estimate. Pleiotropy was assessed by comparing risk scores constructed using SNPs exclusively associated with HDL-C or LDL-C, or jointly associated with HDL-C or LDL-C plus plasma TG concentration. 21 Frequency distributions were plotted by dividing the range of risk scores into equal bins and plotting the relative number of HTG patients or controls in each bin. Forest plots were generated by comparing the number of HTG patients in each of 7 risk score bins to the median risk score bin or the lowest risk score bin, as indicated. Summary statistics, risk score comparisons, rare variant accumulation and explained variation calculations were conducted in SAS version 9.2 (SAS Institute, Cary, NJ). Summary statistics are displayed as meanϮSD. Significance of increasing risk score in forest plots was determined using Cochrane-Armitage test for trend. Comparison of risk scores among HLP-HTG phenotypes was assessed using 1-way ANOVA and post hoc pairwise comparisons using the Tukey test. In the figures, values are meanϮSE; means sharing letters are not statistically different.
Rare variant accumulation was compared between HLP-HTG phenotypes and controls with the Fisher exact test, using a 2-sided PϽ0.05 as the threshold for statistical significance. Differences in number of rare variants in each HLP-HTG phenotype was assessed using a 2ϫ4 contingency table (number of variants in carriers versus noncarriers for each phenotype); differences in distribution of rare variants among genes in each HLP-HTG phenotype was assessed using a 4ϫ4 contingency table (number of variants in each gene for each phenotype). A logistic regression model using case or control status as the dependent variable was used to calculate the proportion of variation explained by clinical and genetic variables. The proportion of variation explained by the coefficient of determination (R 2 ) in linear regression does not have a straightforward analog in logistic regression. Therefore, we used a likelihood-based pseudo-R 2 metric for logistic regression as implemented in SAS version 9.2, which compares the increase in information provided by a model fitted with predictors over a null model. We used incremental changes in this metric to assess how well each variable improves model fit, thus comparing the relative contribution of variables between models. Here, to facilitate comprehension, we describe successive increases in model fit (R 2 ) with progressive introduction of each variable as the proportion of variation explained by each variable. These analyses only included subjects for whom both genome-wide genotyping and resequencing data were available, which comprised 346 HTG patients and 205 controls. Forward modeling was used to systematically enter clinical variables (age, sex, body mass index, and type 2 diabetes), common variants at TG-associated loci (0, 1, or 2 TG-raising alleles as each locus), the number of rare variants identified in HTG-associated genes (APOA5, GCKR, LPL, and APOB as a composite score), 20 and APOE genotype (copies of each 2/3/4 isoform) into the model. These analyses were conducted including all HTG patients and subsequently using HLP phenotype subgroups in comparison with the same group of healthy controls. This analysis served only as a relative comparison of variables contributing to the model within our cohort, and it should be considered only within the context of our study.
Results
Study Subjects
Baseline clinical characteristics of the 504 HTG patients and 1213 population-based controls are shown in Table 1 . Generally, HTG patients had less favorable clinical profiles than controls. HLP type 5 had the least favorable clinical profile across all traits, including fasting plasma TG concentration Ͼ99th percentile.
Replication of Lipid-Associated Loci
First, we sought to replicate the genetic determinants of plasma lipoprotein metabolism from the GLGC 21 in our HTG cohort. For TG-associated loci ( Table 2) , we replicated many loci previously associated with HTG, 20 and additionally replicated recently identified loci KLHL8 (odds ratioϭ1.36; Pϭ1.5ϫ10 Ϫ3 ) and CYP26A1 (odds ratioϭ1.29; Pϭ5.9ϫ10 Ϫ3 ). Generally, there was a trend toward significance at additional loci, as 29 of 32 loci had directions of effect concordant with estimates from the GLGC, significantly more than would be expected by chance (Pϭ1.15ϫ10 Ϫ6 ). Most TG-associated loci showed different patterns of association with the HLP-HTG phenotypes ( Table 2) ; however, there were again more concordant directions of effect than would be expected by chance (HLP 5, Pϭ0.007; HLP 4, Pϭ0.01; HLP 3, Pϭ0.007; HLP 2B, Pϭ0.0002). Taken together, these data extend the concept that common variants in TG-associated loci increase susceptibility to HTG and the HLP phenotypes.
For HDL-C-associated loci ( Supplemental Table II ), we replicated associations at 4 loci with HTG. The replicated loci were predominantly jointly associated with plasma TG as the lead trait, including MLXIPL, TRIB1, and FADS1, but we also replicated the HDL-C associated IRS1 locus. Generally, there was a trend toward association at additional loci, as 31 of 47 loci had directions of effect concordant with estimates from GLGC (Pϭ0.01). Few loci were replicated among individual HLP-HTG types, although concordant directions of effect were overrepresented among HLP types 4 and 5 (Pϭ0.005 and Pϭ0.05, respectively), but not HLP types 2B and 3 (Pϭ0.11 and Pϭ0.11, respectively). Together, these data suggest that common variants in some HDL-C-associated loci contribute to the phenotypic spectrum within HTG.
For LDL-C-associated loci ( Supplemental Table III ), we replicated associations at 9 loci with HTG. The strongest association was at the DNAH11 locus, whereas remaining loci had similarly large effects (odds ratioϭ1.2 to 1.4) but with marginal statistical significance. Generally, there was a trend toward association at additional loci, as 25 of 37 loci had directions of effect concordant with estimates from GLGC (Pϭ0.01). Among HLP-HTG phenotypes, few loci were replicated in phenotypes other than HLP type 2B; however, concordant directions of effect were overrepresented among HLP types 2B, 4, and 5 (Pϭ0.0009, Pϭ0.04, and Pϭ0.02, respectively). Together, these data suggest that common variants in some LDL-associated loci also contribute to the phenotypic spectrum within HTG.
Genetic Risk Scores in HTG and the HLP-HTG Phenotypes
Next, we constructed weighted allelic risk scores to assess the accumulation of lipid-associated risk alleles in the study sample ( Figure 1 ). Consistent with our previous report in a smaller sample, 21 weighted TG risk scores were significantly increased in HTG patients versus controls (Figure 1, top) . The relative frequency distribution was clearly shifted toward increased scores in HTG patients versus controls: 0.982Ϯ0.004 mmol/L versus 0.896Ϯ0.003 mmol/L (Pϭ1.6ϫ10 Ϫ53 ); unweighted risk scores were similarly increased in HTG patients (Supplemental Figure I ). Weighted TG risk scores were associated with increased HTG susceptibility (P trend Ͻ0.001), as subjects in the highest risk score bin were 4.15 (95% CI: 2.84 to 6.09) times more likely to be HTG cases than healthy controls compared with the median risk score bin (Pϭ8.56ϫ10 Ϫ14 ). Subjects in the highest risk score bin were 23.0 (95% CI: 12.86 to 41.14) times more likely to be HTG cases than healthy controls compared with subjects in the lowest risk score bin as the reference group (Pϭ3.51ϫ10 Ϫ40 ).
Weighted HDL-C risk scores were also significantly increased in HTG patients versus controls (Figure 1 , middle). The relative frequency distribution of HDL-C risk scores was modestly shifted toward less favorable scores in HTG patients versus controls, corresponding to a highly significant difference between HTG cases and controls of Ϫ0.449Ϯ0.002 mmol/L versus Ϫ0.431Ϯ0.001 mmol/L, respectively (Pϭ1.3ϫ10 Ϫ12 ). Incremental increases in HDL-C risk score also corresponded to increased HTG susceptibility (P trend Ͻ0.001), as subjects in the highest risk score bin were 1.50 (95% CI: 1.02 to 2.12) times more likely to be HTG cases than healthy controls compared with the median risk score bin (Pϭ0.05). Subjects in the highest risk score bin were 3.14 (95% CI: 2.09 to 4.72) times more likely to be HTG cases than healthy controls compared with the lowest risk score bin as the reference group (Pϭ2.87ϫ10 Ϫ8 ).
Weighted LDL-C risk scores were less dramatically increased in HTG patients versus controls (Figure 1, bottom) . A modest shift toward higher weighted risk scores was observed in HTG patients, corresponding to a mean risk score of 1.04Ϯ0.005 mmol/L in HTG patients versus 1.00Ϯ0.003 mmol/L in controls (Pϭ6.9ϫ10 Ϫ12 ). Incremental increases in LDL-C risk score were marginally associated with increased HTG susceptibility (P trend Ͻ0.001), as subjects in the highest risk score bin were 1.57 (95% CI: 1.09 to 2.27) times more likely to be HTG cases than healthy controls compared with the median risk score bin (Pϭ0.02). Subjects in the highest risk score bin were 3.39 (95% CI: 2.25 to 5.11) times more likely to be HTG cases than healthy controls compared with the lowest risk score bin as the reference group (Pϭ3.03ϫ10 Ϫ9 ). We hypothesized that the increased HDL-C and LDL-C risk scores observed in HTG patients were mediated by the pleiotropic effect of 15 of 47 (32%) HDL-C or 10 of 37 (27%) LDL-C variants that were jointly associated with plasma TG concentration. 21 Accordingly, we constructed HDL-C and LDL-C risk scores composed of either (1) variants associated exclusively with HDL-C or LDL-C, or (2) pleiotropic variants jointly associated with plasma TG concentration in addition to HDL-C or LDL-C ( Figure 2 ). For HDL-C, risk scores composed exclusively of HDL-C-associated variants were not different between HTG patients and healthy controls (Pϭ0.72); however, risk scores composed of pleiotropic HDL-C-associated variants were increased in HTG patients versus controls (Pϭ1.7ϫ10 Ϫ18 ) (Figure 2, top) . For LDL-C, risk scores composed exclusively of LDL-C-associated variants were slightly increased in HTG patients versus controls (Pϭ0.0001); however, risk scores composed of pleiotropic LDL-C-associated variants were greatly increased in HTG patients versus controls (Pϭ8.8ϫ10 Ϫ11 ) (Figure 2, bottom) . We considered the possibility that the large effect sizes of many pleiotropic variants could have inflated the observed variant accumulation; however, this is unlikely because parallel analyses using unweighted risk scores were similarly increased in HTG patients (Supplemental Figure II ).
Finally, we tested whether the accumulation of lipidassociated risk alleles observed in HTG patients was consistent across the different HLP-HTG phenotypes (Figure 3 ). We hypothesized that weighted TG risk scores would be equal among HLP-HTG phenotypes, whereas weighted HDL-C and LDL-C risk scores might differ among HTG patients and phenotypes. For TG risk scores, all HLP-HTG phenotypes had risk scores elevated above controls, with HLP type 5 patients having risk scores further increased over other phenotypes, suggesting an accumulation of common variants with larger effects in these more severely affected patients. For HDL-C risk scores, only HLP types 4 and 5 had scores increased above controls, consistent with the excess of HDL-C-associated variants with directions of effect concordant with GLGC estimates. For LDL-C risk scores, HLP phenotypes 2B and 5 had risk scores increased above controls, also consistent with the excess of LDL-C-associated variants with directions of effect concordant with GLGC estimates. Although the greatest differences in risk scores between HLP phenotypes and controls were attributed to pleiotropic variants, the contribution of both pleiotropic and lipid-specific variants likely contribute to the overall phenotypic heterogeneity among HLP-HTG phenotypes (Supple-mental Figure III) . These data collectively suggest that common variants associated with plasma lipid concentrations accumulate in HTG patients: TG-associated variants accumulate in all HLP-HTG phenotypes, whereas HDL-C and LDL-C associated variants preferentially accumulate in an HLP-HTG phenotype-dependent manner.
Rare Variants in TG-Associated Genes Among HLP-HTG Phenotypes
We previously demonstrated that a significant excess of rare variants is present in GWAS-identified genes associated with HTG, including APOA5, GCKR, LPL, and APOB, in HTG patients compared with controls. 20 Rare variants identified in this previous study were often found in multiple subjects; however, we could not identify any trends between genes, variants, or HLP-HTG phenotypes. Here, we tested whether this excess of rare variants extended to the HLP phenotypes in subjects with available sequencing data. Carriers and noncarriers were compared in this analysis, as some subjects carried Ͼ1 rare variant. Indeed, a significant excess of rare variants was observed across all HLP-HTG phenotypes (Figure 4) . Comparison of rare variants between each HLP-HTG phenotype and healthy controls using the Fisher exact test revealed that carriers were 1.8 to 2.6 times more likely to have a HLP-HTG case status than a control status. There were no differences in number of rare variant carriers or noncarriers among the 4 phenotypes (Pϭ0.59), nor were there differences in distribution of rare variants among genes in each phenotype (Pϭ0.69), as assessed using contingency table analysis. We also found no differences in TG risk scores among carriers and noncarriers of rare variants in HTG patients and controls (Supplemental Figure IV) . These data suggest that the distribution of rare variants in HTG-associated genes occurs nonpreferentially across all HLP-HTG phenotypes in several TG-associated genes, on top of an accumulation of lipid-associated common variants.
Comparison of Clinical and Genetic Variable Contribution Among HLP-HTG Phenotypes
Given the limitations associated with calculating explained variation from logistic regression models, we measured changes in model goodness-of-fit (pseudo-R 2 ) attributed to different clinical and genetic variables in a logistic regression model discriminating between HLP-HTG phenotypes and healthy controls as a surrogate metric for explained variation ( Figure 5 ; see Methods). Within HTG patients, the total proportion of variation explained by the model was 42.0%, very similar to our previous estimates. 20 Clinical variables explained 21.2%, common variants explained 17.4%, and rare variants explained 1.4%. In this analysis, APOE genotype was also included because of its historical importance in HLP type 3, which explained an additional 2% of variation among HTG cases. Among the HLP-HTG phenotypes, the proportion of variation attributable to these variables differed significantly. In HLP type 3, APOE 2 genotype explained 34.6% of variation; common variation explained only an additional 1.5% of variation. Conversely, common genetic variants explained 20% to 24% of variation among remaining phenotypes. APOA5, GCKR, MLXIPL, and CILP2 explained the majority of this variation, although LPL explained additional variation in HLP type 4, TRIB1 explained additional variation in HLP type 2B, and ANGPTL3 explained additional variation in HLP types 2B and 5. Rare genetic variants in the 4 genes also explained 1.2% to 2.6% of variation among HLP types 2B, 4, and 5. Finally, APOE genotype explained Ϸ2.2% of variation among HLP type 5 patients, but it did not explain additional variation among remaining phenotypes. Thus, the contribution of common and rare variants to the model was relatively similar among HLP phenotypes 2B, 4, and 5, whereas APOE genotype was the best predictor of HLP type 3 case status.
Discussion
We have demonstrated that TG loci were most robustly associated with HTG, although HDL-C and LDL-C loci were also associated with HTG. Common variants were often associated with multiple HLP-HTG phenotypes. Weighted TG risk scores composed of TG, HDL-C, or LDL-C variants were distinctly increased across all HLP-HTG phenotypes compared with controls. Weighted HDL-C and LDL-C risk scores were also increased, although less pronounced, in some HLP-HTG phenotypes compared with controls. Interestingly, decomposition of HDL-C and LDL-C risk scores revealed that pleiotropic variants (those jointly associated with TG) accounted for the greatest difference in HDL-C and LDL-C risk scores among HLP-HTG phenotypes. Rare variants in 4 genes also accumulated equally among HLP-HTG phenotypes. Thus, HTG susceptibility and phenotypic heterogeneity appear to be influenced by accumulation of common and rare TG-associated variants. This comprehensive analysis yields several new insights. First, common variants in loci associated not only with TG but also with HDL-C and LDL-C are associated with HTG and the HLP-HTG phenotypes. Second, common and rare variants in TG-associated loci are overrepresented in HTG patients and across all HLP-HTG phenotypes. Third, common variants in HDL-C and LDL-C loci are overrepresented in HTG patients but accumulate preferentially in different HLP-HTG phenotypes. Finally, pleiotropic variants jointly associated with plasma TG concentration in addition to HDL-C or LDL-C account for most of the accumulation of HDL-C and LDL-C associated variants in the HLP-HTG phenotypes. Taken together, these findings provide a more complete accounting of the genetic architecture of HTG susceptibility and the basis of the phenotypic heterogeneity in HTG.
Our previous preliminary studies provided a first approximation of the genetic architecture of HTG and the HLP-HTG phenotypes, 16 -18 whereas the novelty of the current study lies in the comprehensive nature of our analysis, which included all recently identified lipid-associated variants from the GLGC. 21 We have confirmed the hypothesis that a common genetic architecture of many common and rare TG-associated variants underlies predisposition to HTG, 28 and demonstrated that pleiotropic variants and accumulation of additional lipidassociated variants may partly explain an origin for the phenotypic heterogeneity among HTG patients.
Our interpretation of these results is that a genetic burden of deleterious variants may predispose some subjects to HTG. Common and rare variants accumulate more often in HTG patients, suggesting that risk alleles may incrementally contribute to HTG susceptibility. However, it appears that no single variant or accumulation of variants is sufficient to cause HTG or any particular HLP-HTG phenotype. Despite seemingly strong phenotype-specific associations, risk alleles at associated loci are overrepresented in multiple HLP-HTG phenotypes compared with controls. Similarly, rare HTGassociated variants also accumulate comparably across the HLP-HTG phenotypes, in addition to an elevated background of common risk variants, again suggesting that rare variants are not sufficient for HTG causation. Ultimately, the significant overlap of risk alleles among HTG patients and controls suggests that-as with most complex traits-genetic variants only account for a portion of variation in HTG case status.
Our developing model of polygenic HTG is that accumulation of common and rare TG-associated risk alleles gradually increases HTG susceptibility. Furthermore, the accumulation of pleiotropic risk alleles in addition to lipid-associated risk alleles may contribute to the phenotypic heterogeneity characteristic of the classical HLP-HTG phenotypes. How-ever, we do not exclude the possibility that HTG susceptibility in some patients can be independent of risk allele accumulation. In our sample, we observed that HLP type 2B appeared to be associated preferentially with common variants in pleiotropic and exclusively LDL-C-associated loci, HLP type 4 appeared to be associated with common variants in pleiotropic HDL-C-associated loci, and the most severe phenotype HLP type 5 was associated with large-effect common TG-associated risk alleles, with additional contributions from both pleiotropic LDL-C-and HDL-C-associated loci. The contribution of risk alleles from APOA5, GCKR, MLXIPL, and CILP2 appeared to contribute relatively equally among these phenotypes, with additional smaller contributions from other TG-associated variants in each HLP-HTG phenotype.
HLP type 3 is unique among HLP-HTG phenotypes as it is predominantly explained by the classical APOE 2/2 isoform (APOE E2/E2 genotype). However, even APOE 2/2 is individually insufficient to cause HLP type 3. HLP type 3 is defined by the accumulation of intermediate-density lipoproteins visible as ␤-very-low-density lipoprotein (or a broad ␤-band) on electrophoresis, resulting in a high ratio of very-low-density lipoprotein cholesterol to TG. Many HLP type 3 patients have APOE 2/2, although some HLP type 5 patients that are clinically defined by fasting chylomicronemia and pancreatitis in our sample also have APOE 2/2 genotype; many healthy controls in the general population also have APOE 2/2 genotype. Variants such as APOA5 that are strongly associated with HLP type 3, in addition to other TG-raising risk alleles, likely contribute additionally to HLP type 3 susceptibility. Our conclusions must be interpreted in the context of important limitations of our study. First, our sample size and statistical power were limited, although we had the largest cohort of HTG patients reported to date. Accordingly, our sample was insufficient to replicate most small effect variants identified by the GLGC. 21 This was compounded by the need for subgroup analyses, which prevented replication of many variants in the HLP-HTG phenotypes, even those associated with HTG at PϽ0.05, but was unavoidable because of insufficient numbers. To compensate for this, we have used additional analyses, including risk score analyses and estimates of directionality of effect to overcome this limitation. Second, the analysis of GWAS lead SNPs is likely insufficient to demonstrate the full spectrum of genetic heterogeneity within the HLP-HTG phenotypes. We genotyped tagSNPs that serve as surrogates for functional variants at each locus, not truly querying the specific functional variants that increase HTG susceptibility. Direct genotyping of functional variants, such as the APOA5 Ϫ1131TϾC promoter variant and the Ser19Trp variant, which are both strongly associated with HTG 16 -18 but are each in relatively weak linkage disequilibrium with the APOA5 tag-SNP rs964184 (r 2 ϭ0.29 and r 2 ϭ0.34 in sample subsets) may improve the resolution of our risk scores and thus the ability to detect differences between phenotypes. This might be expected given that APOE genotype at functional variants rs7412 and rs429358 (encoding the APOE E2/E3/E4 isoforms) contributed significantly more information to HLP type 3 case status than the APOE tagSNP. Third, only 4 HTG-associated genes were selected for resequencing. This limited view of rare variant accumulation may preclude our ability to detect genetic heterogeneity in other genes that could mediate phenotypic heterogeneity within the HLP-HTG phenotypes. Furthermore, functional data are necessary to separate deleterious from benign variants, which may also introduce noise into this analysis preventing detection of heterogeneity. However, many variants in these genes were identified across multiple HLP-HTG phenotypes. For example, the loss-of-function variant LPL Gly188Glu, 29 which completely attenuates LPL function, was identified as a heterozygous mutation in HLP types 3, 4, and 5. This suggests that rare variants in these genes have a general effect on HTG susceptibility, without predisposing subjects to a specific HLP-HTG phenotype. Ultimately, the combination of low power arising from a limited sample size with an incomplete survey of functional genetic variants in all HTG-associated genes may hide some of the genetic heterogeneity initially expected to underlie the HLP-HTG phenotypes. However, our results based on GWAS tagSNPs and 4 HTG-associated genes provide evidence for a common overlapping genetic etiology for the phenotypic spectrum of HLP-HTG phenotypes.
Future studies will require exhaustive resequencing of TG-associated genes to identify additional genetic variants involved in HTG susceptibility. These will include both common functional variants that underlie GWAS signals and large effect rare variants that mediate significant HTG predisposition in their carriers. Together, these variants will likely explain additional variation in HTG case status and may provide a better explanation for the genetic basis of the phenotypic heterogeneity among HLP-HTG patients. Evaluation of non-GWAS candidate genes, including APOC2, APOC3, APOE, GPIHBP1, and LMF1, will also be essential to fully document the genetic determinants of HTG. Consideration of these determinants in the context of multiplicative or synergistic effects between genes, variants, and metabolic and environmental exposures may contribute additionally to the unexplained variation among HTG patients.
Evaluation of remaining unexplored variables may eventually lead to improved detection of subjects with increased HTG susceptibility. For example, genetic risk scores composed of functional HTG-associated variants may facilitate presymptomatic identification of clinic patients at increased risk for development of HTG. Common variants in genes such as APOA5, LPL, TRIB1, and CILP2 are strong determinants of HTG but also of CVD, and they could be further integrated into risk prediction algorithms such as the Framingham risk score as individual variants or genetic risk scores to help predict subjects at increased risk of CVD. The clinical utility of HTG-associated variants in the prediction of HTG or CVD susceptibility has not been evaluated, but it could be used in the future to direct evidence-based treatments or lifestyle interventions at those with highest HTG susceptibility.
In conclusion, we demonstrate that a spectrum of common and rare genetic variants in lipid-associated loci underlies the biochemically defined HLP phenotypes characterized by HTG. We confirm that an accumulation of common TGassociated risk alleles is observed in HTG patients and provide new evidence supporting the accumulation of pleiotropic TG-, HDL-C-, and LDL-C-associated risk alleles as possible determinants of HTG phenotypic heterogeneity. The significant overlap of risk alleles among multiple HLP-HTG phenotypes indicates a shared yet complex and heterogeneous genetic HTG susceptibility. Ongoing discovery of additional TG-associated alleles and elucidation of specific functional variants contributing to HTG pathophysiology will be required in the context of normal and perturbed metabolic and environmental conditions.
